g wet weight of cells) and which comprises 20-45% of the total adenylate cyclase activity. In contrast, only 1.7 and 2.4% of the total cell malate dehydrogenase [EC 1.1.1.371 and alkaline phosphatase [EC 3.1.3.11, respectively, are detectable in the intact cell. Trypsin treatment of intact organisms destroys 96% of the extracytoplasmic adenylate cyclase, but does not reduce the total cell malate dehydrogenase or a small pool of intracellular adenylate cyclase. Four compartments of adenylate cyclase in B. pertussis are proposed; (A) soluble enzyme in the culture supernatant (up to 20% of the total activity); (B) enzyme associated with intact cells and measurable without ceil disruption (2045%); (C)extracytoplasmic enzyme sensitive to trypsin, but not measurable in intact cells at standard substrate concentrations (40460%), and (D) intracellular enzyme (7-9%). In comparison with previously studied bacterial adenylate cyclases, the esxtacytoplasmic location appears to be unique to the B. pertussis enzyme.
A soluble, adenylate cyclase [ATP pyrophosphate-lyase (cyclizing), EC 4.6.1.1] has recently been purified from the culture supernatant of exponentially growing Bordetella pertussis (1) . The enzyme had a molecular weight of 70,000, was inhibited by fluoride, and unaffected by pyruvate or other a-keto acids. Its presence in the culture medium suggested that it might be an exoenzyme, in contrast to previously studied bacterial adenylate cyclases which have been shown to be either soluble (Brevibacterlum liquefaciens and Streptococcus salivarius) or membrane-bound (Escherichia coil) intracellular enzymes (2) (3) (4) (5) .
A number of other bacterial enzymes have been shown to be extracytoplasmict in location (6) . Of these, alkaline phosphatase [orthophosphoric-monoester phosphohydrolase (alkaline optimum), EC 3.1.3.1] is among the best studied and has become a prototype bacterial exoenzyme, being measurable in some intact bacteria with the use of substrates known to be excluded from entry into the cell (7, 8) . Expression of the enzyme activity by intact cells, in combination with the release of these alkaline phosphatases into the culture medium during growth or with nonlethal perturbations of the cell envelope, has been used to support the idea that these enzymes are located external to the cytoplasmic membrane (7) (8) (9) (10) (11) be destroyed by brief trypsin treatment of the intact cells. Since it has been shown previously that exogenously supplied intact nucleoside triphosphates are excluded from bacterial cells (12) , it is proposed that the adenylate cyclase activity expressed by these intact cells represents enzyme in a location external to the cytoplasmic membrane. (21) .
MATERIALS AND METHODS

Materials
RESULTS
The supernatant medium of a 24 hr culture of exponentially growing B. pertussss cells contained abundant adenylate cyclase activity (300-900 pmol of cAMP/min per ml). This activity represents the soluble (centrifugation at 100,000 X g for one hr) enzyme which has been purified and characterized (1) . During studies to determine the source of the supernatant enzyme, it was discovered that in addition to the activity found Organisms from a 20-24 hr culture were harvested as described and the intact organisms were resuspended in Tris-saline buffer (0.01 M, pH 7.6) to a concentration of 5 mg wet weight of cells per ml. An aliquot of supernatant culture medium and resuspended cells were removed for assay, and the remaining cells were disrupted by the lysozyme-EDTA osmotic shock procedure. The spheroplast lysate was assayed after DNase treatment. Total activity of each enzyme was taken to be the sum of the supernatant culture medium value and that of the spheroplast lysate. The supernatant adenylate cyclase value was corrected to that volume of medium containing 1 g of cells.
* All values are reported per g wet weight of cells.
Biochemistry: Hewlett et Organisms from a 20-24 hr culture were harvested by centrifugation, resuspended in fresh culture medium, and divided into control and trypsin groups. Two ml of cells (2.5-4.0 mg wet weight of cells) were treated with 20 ,g/ml of trypsin for 5 min at 370 and the reaction was stopped with 20 Ag/ml of lima bean trypsin inhibitor. The control and trypsin treated cells were then sonicated in 20 sec bursts, for a total of 160-200 sec, and assayed as described for adenylate cyclase and malate dehydrogenase activity. * All values reported per g wet weight of cells.
expressed by intact organisms is shown in Fig. 1 In contrast, the total malate dehydrogenase activity released by sonication of trypsin-treated cells was the same as that from control cells, and indicates that the trypsin had no effect on this intracellular enzyme. This difference in response to trypsin treatment indicated that most of the adenylate cyclase was extracytoplasmic, rather than intracellular in location.
When the adenylate cyclase activity of B. pertussis culture supernatant and intact cells was compared to those of E. coli and B. liquefaciens (Table 3) , the B. pertussis activities exceeded the maximum values of the other organisms by ten-to several thousandfold. In addition, the pretreatment of intact (i) expression of the enzyme activity by the intact organism using an exogenous, nonpermeating substrate; and (ii) accumulation of the enzyme in the culture medium during exponential growth. In addition, we would suggesta third criterion, namely, sensitivity of the activity to brief treitment with a proteolytic enzyme, without damage to intracellular components. That the presenice of adenylate cyclase in the culture medium is not due to leakage from broken cells is suggested by the following: (i) the absence of intracellular marker enzymes in the medium; (ii) the absence of DNA in the culture medium; and (iii) the accumulation of extracellular adenylate cyclase activity during exponential growth and its decline during the stationary phase of growth.
Our findings suggest the existence of four compartments of adenylate cyclase in B. pertussis (Fig. 2) . The first compartment (A) consists of the enzyme in the supernatant culture medium which contributes up to 20% of the total adenylate cyclase present during mid-exponential growth. The remaining adenylate cyclase is associated with the cell and 91-93% of it is extracytoplasmic (destroyed by trypsin treatment of the intact cell, under conditions in which intracellular enzymes are un- (8) . Finally, there appears to be a small (7-9% of the total adenylate cyclase) compartment (D) which is either intracellular or in some manner protected from destruction during trypsin treatment of the intact cell. This portion of adenylate cyclase is measurable and is susceptible to trypsin only after disruption of the cell.
As a control in the study of this unique extracytoplasmic adenylate cyclase, the intact cell and supernatant activities of the B. pertussis enzyme were compared to those of E. coli and B. liquefaciens. The E. coli adenylate cyclase is apparently membrane-bound (90% is found in the 150,000 X g pellet) and is inhibited by a-keto acids (4, 5) . The B. liquefaciens enzyme, on the other hand, is soluble (105,000 X g for 1 hr) in cell lysates and is markedly stimulated by pyruvate and other a-keto acids (2, 22) . Our data show that relative to B. pertussis, these other organisms have essentially no extracellular adenylate cyclase activity. Indeed, the low activities can be accounted for by a small (1-5%) contamination by broken cells.
While numerous functions for bacterial intracellular adenylate cyclase have been described (23) (24) (25) (26) , the significance of a predominantly extracellular adenylate cyclase is unclear. Current studies do, however, indicate that this unusual adenylate cyclase may be associated with or contributing to known toxic effects of the organism (27, 28) .
